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We present the first measurement of the fraction of W+jets events produced with a net charm
quantum number of ±1, denoted W+c-jet, in pp̄ collisions at

√
s = 1.96 TeV using the D0 detec-

tor at the Fermilab Tevatron. The W+jets sample is selected from lepton+jets final states using
approximately 1 fb−1 of integrated luminosity. The W+c-jet events are selected by requiring a jet
containing a muon in association with a reconstructed W boson and exploiting the charge corre-
lation between this muon and W -decay lepton to perform a nearly model-independent background
subtraction. We observe a significant excess of events over background expectations with the char-
acteristics of W+c-jet, and measure the W+c-jet fraction in W+jets for jet pT > 20 GeV/c to be
0.071 ± 0.017, in agreement with theoretical predictions.
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I. INTRODUCTION

In hadron-hadron collisions, the W/Z+b- or c-quark hadron jet final state is the signature of many new physics
processes; however, only a few measurements [1–3] of the standard model (SM) cross sections for these processes
exist, and none involve charm-quark final states. Charm quark production in association with a W boson can be
a significant background, for example to tt̄ and SM Higgs production, and to supersymmetric top (stop) production

when the stop quark’s mass limits its possible decays to a charm quark and a neutralino, t̃ → χ̃0
1c. Moreover, as

the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |Vcd|2 suppresses the expected leading order d-quark-gluon
fusion production mechanism, Wc production provides direct sensitivity to the s-quark parton distribution function
(PDF) s

(

x,Q2
)

in the proton[4]. The s-quark PDF has only been directly measured up to now at fixed-target

neutrino-nucleon deep inelastic scattering experiments using relatively low momentum transfer Q2 probes of the order
of 100−2 GeV2/c2 [5–11]. A probe of this PDF at hadron collider experiments tests the universality of s

(

x,Q2
)

and its QCD evolution up to scales of order 104 GeV2/c2. The strange quark PDF is dominant for both SM (e.g.,
pp̄/pp→ sg → W− + c) and possible new physics processes (e.g., pp̄/pp → sc̄ → H−) [12] at both the Tevatron and
the LHC collider.

In this note, we present a measurement of the cross section ratio σ (pp̄→W + c− jet) /σ (pp̄→W + jets), where
W+c-jet denotes a W -boson plus jets final state in which the jets have a net charm quantum number C = ±1, and
W+jets denotes any W -boson final state with at least one jet. Many experimental and theoretical uncertainties
cancel in this ratio. The measurement utilizes approximately 1 fb−1 of pp̄ collision data at center-of-mass energy√
s = 1.96 TeV collected with the D0 detector at the Fermilab Tevatron collider. W -bosons are identified through

their leptonic decays, W → `ν, where ` = e, µ, or τ with τ → eν̄eντ or µν̄µντ . The muon or electron transverse
momentum pT must satisfy pT > 20 GeV/c, and the presence of a neutrino is inferred by the requirement that the
missing transverse energy E/T satisfies E/T >20 GeV. Jets are defined using the iterative seed-based cone algorithm
including midpoints with the cone radius Rcone = 0.5 [13]. The charm jet’s transverse momentum pT is restricted to
pT > 20 GeV/c and its pseudorapidity η to |η| < 2.5, where η = − ln tan(θ/2), with θ the polar angle with respect to
the proton beam direction. The key feature for this analysis is the identification of a muon in the event contained
within the charm jet candidate (a “µ-tagged jet”) and the correlation of that muon’s electric charge with that of
the W -boson’s decay lepton. Events with the jet muon’s charge opposite or the same as that of the W -boson are
denoted as “OS” or “SS” events, respectively. In the W+c-jet process, the c quark decays into a muon carrying an
opposite-sign charge compared to that carried by the W boson, and the number of OS and SS events, NOS and NSS ,
respectively, satisfy NOS � NSS for a W+c-jet sample. The NSS in W+c-jet sample can be non-zero, because a jet
initiated with c quark has small probability to contain a muon from the decay of particles other than leading charm.
Other vector boson+jets physics processes (W+g, W+cc̄, W+bb̄, Z+jets) can produce muons contained within a final
state, but the jet muon’s charge is uncorrelated with that of the boson, hence NOS = NSS for these sources. Processes
with light-quark (u, d or s) initiated jets recoiling against the W can produce charge-correlated jets owing to leading
particle effects in conjunction to π → µ or K → µ decay, but this correlation is small (≈ 15%). Other final states
that can produce charge-correlated jets, tt̄/tb̄ and W + b, are suppressed by small cross sections and the tiny CKM
matrix element |Vub|2, respectively. Backgrounds from WW , WZ and ZZ have been found to be negligible. These
considerations allow us to measure the W+c-jet production rate from OS events with the backgrounds determined in

situ from SS events, up to small weakly model-dependent theory corrections.

II. THE D0 DETECTOR

The D0 detector [14] is a multi-purpose device built to investigate pp̄ collisions at high energies. The innermost
silicon microstrip detectors (SMT) followed by the scintillating fiber tracking detector (CFT), covering the η range
up to ≈ 3.0, located inside the 2 T superconducting solenoid, are used for tracking and vertexing. The liquid-argon
and uranium calorimeter, a finely segmented detector in the transverse and the longitudinal directions, is used as
a primary tool to construct the electron, the jets and the missing transverse energy of neutrinos. It is housed in
three cryostats, one central calorimeter (CC) in the region |η| < 1.1 and two end caps (EC) extending the coverage
to |η| ≈ 4.0. The outermost subsystem of D0 detector is the muon spectrometer, consisting of three layers of muon
tracking subdetectors and scintillation trigger counters, is used to construct the muon up to |η| ≈ 2.0. One of them
(layer A) is situated before the 1.8 T magnetized toroid and the other two (B and C layers) are outside enclosing the
detector.
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TABLE I: Summary of quantities used in W+c-jet cross section ratio.

jet pT [GeV/c] 20-30 30-45 45-200 20-200
< pT >[GeV/c] 23.9 35.1 62.3 34.6

Ne
Wj 38556 26347 24539 89442

Ne
OS 87 79 88 254

Ne
SS 49 45 72 166

fe
c 1.177±0.013 1.159±0.015 1.117±0.028 1.145±0.007

εe
c 0.0113±0.0015 0.0125±0.0011 0.0125±0.0020 0.0124±0.0012

σ[W (→eν)+c]
σ[W (→eν)+jets]

0.070±0.031 0.084±0.038 0.026±0.046 0.060±0.021

N
µ
Wj 27828 17594 13446 58868

N
µ
OS 76 64 63 203

N
µ
SS 28 38 56 122

fµ
c 1.195±0.025 1.174±0.015 1.121±0.035 1.143±0.007

εµ
c 0.0110±0.0011 0.0122±0.0013 0.0148±0.0018 0.0122±0.0012

σ[W (→µν)+c]
σ[W (→µν)+jets]

0.145±0.040 0.095±0.054 0.001±0.062 0.093±0.029

III. EVENT SELECTION

A. Trigger

Candidate events in the electron (muon) decay channel of the W -boson are required to pass at least one of the single
electron (muon) three-level triggers (L1, L2 and L3) used in each data taking period. The single electron triggers
at L1 require to have an electromagnetic (EM) object to deposit an energy of at least 10 GeV in the EM section of
the calorimeter. At L2, a relatively higher transverse energy requirement is imposed for a subset of data. At L3,
these triggers require a certain fraction of the EM energy deposited in the EM section and impose some matching
requirements to the shower shape of deposited energy with that of an electron. The single muon triggers at L1 impose
hits in the muon scintillators. Some of the triggers also require spatially matched hits in the muon tracking detectors.
At L2, a good quality muon object reconstructed from muon track segments is required with a minimum pT that
varies for different triggers. At L3, certain triggers require a track reconstructed in the inner tracking system with
pT > 10 GeV/c.

B. Reconstructed objects selection

To select W → eν candidates, we require an isolated high-pT electron similar to that described in Ref. [15]. We
require that a cluster of energy be found that is consistent with the presence of an electron in the calorimeter. The
cluster must: have 90% of the energy contained in the electromagnetic part of the calorimeter; have a reconstructed
track from the inner tracking system pointing to it; be isolated from other clusters in that the fraction of the energy
deposited in a halo cone (0.2 < R < 0.4) around the EM cluster should be less than 15% of the energy in the
cone of radius R= 0.2; have a longitudinal and transverse energy deposition profile consistent with that expected
for an electron; pass a likelihood discriminant that combines tracker and calorimeter information with the expected
distributions for electrons and jet backgrounds. The electron track should originate within 5 cm of the pp̄ interaction
point along the z-axis of the detector; and the interaction point must lie within |z| < 60 cm of the nominal beam
crossing position.
W → µν candidates are selected by following the criteria similar to that described in Ref. [15]. We require that a

muon candidate be found in the muon spectrometer with a track matched to one found in the central tracker. Cosmic
ray events are rejected by requiring the central track to pass within 0.02 (0.2) cm of the beam crossing point in the
transverse plane if the track is reconstructed with(without) SMT hits, to originate within 3 cm of the interaction
point, and by using scintillator hits timing information in the muon spectrometer. Isolated muons from semileptonic
decays of heavy flavor quarks in QCD multi-jet events are suppressed by requiring the W candidate muon track to
be separated with respect to the axis formed by any jet found in event by the criterion ∆ R(µ, jet) > 0.5.

For the final event selection in both electron and muon channel, each event must: have a missing transverse energy
E/T of at least 20 GeV, have a transverse mass mT computed from the isolated lepton pT and the E/T in the range
40− 120 GeV/c2, and have at least one jet with pT > 20 GeV/c. Upon application of all selection criteria there are
Ne

Wj = 89442 and Nµ
Wj = 58868 W+jets candidates in the electron and muon channels, respectively.
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C. W+jets background

Backgrounds from mis-identified W -bosons arise from photons (γ’s) or jets that are misidentified as electrons in the
electron channel, with a fractional contamination f e

B = (3.3± 0.5)%, and from Z → µ+µ− + jets events where one of
the Z decay muons is not reconstructed in the muon channel, with fractional contamination fµ

B = (4.7± 0.6)%. The
electron channel background is determined directly from the data by measuring the jet-to-electron misidentification
probability using a large sample of QCD two jet events with some contribution of γ+jet events. The Z → µ+µ−

background is estimated using Monte Carlo simulations of vector boson +jets production produced with alpgen [16]
using the PDF set cteq6l [17], the pythia [18] generator for the parton fragmentation and hadronization with the
mlm prescription [19] to avoid an over-counting of final state jets, and the evtgen [20] to decay the heavy hadrons; a
geant [21] based program to simulate the effects of detector response; and the same reconstruction software as used
for data. The muon channel background’s uncertainties are associated with systematic effects in the vector boson
+jets cross section model and are estimated by varying parameters in alpgen.

D. W+c-jet selection

To isolate a sample of W+c-jet event candidates from the W+jets sample, we select events with a µ-tagged jet.
This jet must have pT > 20 GeV/c and contain a reconstructed muon with transverse momentum pT > 4 GeV/c and
|η| < 2.0 that lies within a cone of ∆R(jet, µ) < 0.5 with respect to the jet axis. The jet muon must be detected in
both of the outer two layers of the muon spectrometer, and its muon spectrometer track segment must be matched
to a reconstructed track in the central tracker. In the W → µν channel, the requirement for the two muons in the
final state leads to small contamination from Z → µ+µ−+jets events in which one of the muons from the Z decay
is found inside a jet cone. This contribution to µ-tagged jets is suppressed by rejecting events in which the dimuon
invariant mass exceeds 70 GeV/c2. Application of all selection criteria yields N e

OS = 254 and N e
SS = 166 events in

the W → eν channel, and Nµ
OS = 203 and Nµ

SS = 122 events in the W → µν channel.

E. Relative efficiency of W+c-jet selection

We use the alpgen-pythia-evtgen-geant simulation package and a large D0 data sample to calculate the relative
acceptance×efficiencies ε`c (` = e, µ) in each W decay channel of finding a reconstructed jet muon that satisfies the
selection criteria in a jet initiated by a c-quark to that of simply reconstructing a W -boson with at least one jet in
the final state. This acceptance incorporates effects of charm quark to hadron fragmentation and charmed hadron
semi-muonic decay. The efficiency accounts for muon identification and track reconstruction effects. Charm quark
fragmentation and charm hadron decay are well known from previous measurements and contribute negligibly to the
acceptance uncertainty. We use a large sample of J/ψ → µ+µ− events collected at D0 to correct the efficiency,
(58.7 ± 0.4)%, computed from the Monte Carlo simulation by a factor of 0.89 ± 0.04. This correction is found to
be independent of the jet pT . For the electron and muon channels the total acceptance×efficiencies are found to be
(1.24 ± 0.12)% and (1.22 ± 0.12)%, respectively. As expected, the µ-tagged jet reconstruction efficiencies in the two
W -decay modes differ only by the small effect of the dimuon invariant mass condition applied in the W → µν mode.

IV. W+c-JET / W+JETS CROSS-SECTION RATIO

We then proceed to extract the relative W+c-jet cross section from the expression

σ [W (→ `ν) + c− jet]

σ [W (→ `ν) + jets]
=

N `
OS − f `

cN
`
SS

(1 − f `
B)N `

Wj × ε`c
,

which requires one further small correction, f `
c , that accounts for the small correlation between the tag muon and

W boson charge that arises from the decay of the most energetic pion or kaon having an enhanced probability of
containing the highest pT quark recoiling against W -boson generated at the hard scatter vertex that fragments into
jet.

We determine f `
c from fully simulated alpgen-pythia-evtgen-geant W+jet events as the ratio of the predicted

number of OS µ-tagged jets to the predicted number of events containing the SS µ-tagged jets in the background
sample that pass the same selection criteria as defined for the data sample. Processes considered include W+u, d, s,
W+g, W+cc̄, W+bb̄, and W+c-jet, where the c quark does not decay muonically in the last case. Studies show
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FIG. 1: Measured ratio σ(W+c−jet)
σ(W+jets)

for jet pT > 20 GeV/c and |η| < 2.5. (a) Electron decay channel, (b) muon decay channel.

that f `
c can be parameterized in terms of jet pT as f `

c = a` + b` × pT , with ae = 1.214 ± 0.012, aµ = 1.241 ± 0.023,
be = −0.0016 ± 0.0002, and bµ = −0.0019 ± 0.0004; f `

c decreases with increasing jet pT because the sub-process
qq̄ → Wg becomes dominant over qg → Wq′ at high jet pT . Systematic uncertainties on f `

c arise mainly from the
cross section and jet fragmentation models. To first order, the f `

c are independent of the absolute charged multiplicity
per jet and the W+light-jets cross section; it depends instead on the K±/π± ratio per jet and the relative cross
section for W plus heavy quark jet final states compared to W+light-jets. We attribute a 6% uncertainty on the
weighted π± multiplicity based on a comparison of the difference between tracking efficiency in data and simulation,
and a 20% uncertainty on the K±/π± ratio based on comparing K0

S production in data to Monte Carlo simulation.
We assign uncertainties in the alpgen cross-sections of 50% for W+bb̄, W+cc̄, and W+c-jet, relative to W+light-jets.
The uncertainty on W+bb̄ and W+cc̄ cross-section is associated with the relative scale factor 1.50 ± 0.45 which is
suggested for better agreement between data and prediction for inclusive W+jets [22]. A change of the W+c-jet
cross-section by ±100% does not lead to a significant effect in f `

c . The overall systematic uncertainty is found to
1.2% for f e

c and 0.6% for fµ
c , with the relative cross section contributions dominant. Adding a 0.6% uncertainty in

each channel due to Monte Carlo statistics, we find that, averaged over all pT > 20 GeV/c, f e
c = 1.145 ± 0.015 and

fµ
c = 1.143± 0.009.

A. Systematic uncertainties

Table I summarizes the cross section ratio measurements and their uncertainties for the electron and the muon
channels for all jet pT > 20 GeV/c and jet |η| < 2.5, and for three jet pT bins. The ratio measurements benefit from
the large cancellation of several uncertainties, notably the integrated luminosity [23], lepton detection efficiency, and
jet energy scale (JES). Remaining absolute systematic uncertainties on the measurement estimated from the Monte
Carlo simulation are given in the Table II. These uncertainties are mainly from residual effects of JES, jet energy
resolution (JER), the efficiency of c-jet tagging, and the W+c-jet background correction factor f `

c .

V. RESULT

Figures 1(a) and (b) compare the data with model predictions using leading order QCD augmented by alpgen

and pythia for the electron and the muon channels respectively. Due to relatively small contribution of W+bb̄
and W+cc̄ into inclusive W+jets, the W+c-jet rate has ≈ 1% sensitivity to their cross-sections. The grey band
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FIG. 2: Measured ratio σ(W+c−jet)
σ(W+jets)

for jet pT > 20 GeV/c and |η| < 2.5. The results from the electron and muon decay

channels are combined.
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FIG. 3: Comparison of the signed significance in impact parameter distribution of the jet muon track with respect to the
interaction point in data in the combined electron and muon channels with the simulation. The background is subtracted
based on SS events using the procedure described in the text.

shown around the theory curve is the systematic uncertainty on the W+c-jet fraction estimated from simulation
due to JES only, and the blue outer band is the combined systematic uncertainty due to the JES, the jet’s relative
pT resolution in data and simulation, the background correction factor f l

c and the relative acceptance × efficiency
εlc. The intermediate cyan band shows only the systematic uncertainty due to JES and jet’s relative pT resolution.
Since the two measurements are consistent with one another, and the uncertainties on the measurement are domi-
nantly statistical, they are combined to yield the differential W+c-jet fraction as shown in Fig. 2. In the combined
plot the systematic errors are assumed to be fully correlated. The measured W+c-jet fractions integrated over
pT > 20 GeV/c are σ [W (→ eν) + c− jet] /σ [W (→ eν) + jets] = 0.060 ± 0.021(statistical) ±0.005

0.007(systematic) and
σ [W (→ µν) + c− jet] /σ [W (→ µν) + jets] = 0.093 ± 0.029(statistical) ±0.005(systematic). Combining the two
measurements yield σ [W + c− jet] /σ [W + jets] = 0.071 ± 0.017, with a significant excess of OS events relative to
SS events which we attribute to W+c-jet production. The W+c-jet fraction predicted by alpgen and pythia is
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FIG. 4: Comparison of the jet mass divided by the jet pT distribution in data and simulation in shape.

TABLE II: Systematic uncertainties on the measurement in the W → eν and the W → µν channels.

e-channel µ-channel common

pT JES JER fe
c JES JER fµ

c εl
c

20-30 ±0
0.009 ±0.002

0.003 ±0.002 ±0
0.007 ±0.002

0.003 ±0.001 ±0.004
30-45 ±0.003

0.002 ±0.002
0.003 ±0.002 ±0.005

0.001 ±0.002
0.003 ±0.001 ±0.004

45-200 ±0.001
0.001 ±0.002

0.003 ±0.003 ±0.011
0 ±0.002

0.003 ±0.001 ±0.003

20-200 ±0
0.004 ±0.002

0.003 ±0.002 ±0.002
0.001 ±0.002

0.003 ±0.001 ±0.004

0.040±0.003, where the quoted uncertainty is due to the PDFs.
As a test of the W+c-jet signal hypothesis, Fig. 3 compares data to alpgen/pythia expectations of heavy flavor

and light-jet shapes in the background-subtracted distribution of the signed impact parameter significance b/σb for
the jet muon, where b is the projected distance of closest approach of the jet muon to the event interaction point
in the transverse plane and σb is the estimated uncertainty on b. In Fig. 4, the distribution of the invariant mass
of well reconstructed tracks in the jet cone divided by the jet pT is shown to compare the background-subtracted
distribution in data with b-jet, c-jet and light-parton jet templates. The b-jet distribution of b/σb has relatively
(compared to central peak) large positive tail due to longer life time, and the data show satisfactory agreement with
expectations for W+c-jet production. The asymmetry present in b/σb distribution is consistent with the underlying
ansatz wherein light quark jet contributions are subtracted out. At the same time, the jet mass (M) to pT ratio
distribution shows that the data favors the c-jet template over that for b-jet. Due to smaller masses of light and
c partons, the light-jet and c-jet distributions peak at the lower values of M/pT ratio compared to the b-jet. We
emphasize that Figs. 3 and 4 represent only consistency checks for the W+c-jet interpretation; these distributions
cannot conclusively separate W+c-jet from W + bb̄ or, especially, W + cc̄.

VI. CONCLUSION

In conclusion, we have performed a first measurement of theW+c-jet/W+jets cross section ratio at a hadron collider
using both electron and muon decay modes of the W and establishing a correlation between the charge of muon-tagged
jets with that of the W . We find our measurement to be consistent with LO perturbative QCD predictions of the
W+c-jet production rate, and with an s-quark PDF evolved from Q2 scales two orders of magnitude below that of
the Tevatron. This measurement provides direct experimental evidence of the underlying partonic process qg → q ′W
that should dominate W production at the LHC collider.
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